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SUMMARY 


A method of determining orbiter and carrier total aerodynamic 
coefficients from load cell measurements Is required to support 
the Inert and the captive active flights of the ALT program. This 
report docmnents the derivation of a set of equations expressing 
the orbiter and carrier total aerodynamic coefficients In terms 
of the load cell measurmnents. the sensed dynamics of the Boeing 
Y47 (carrier) aircraft, and the relative geometry of the orbiter/ 
carrier. 

The requirement for a method of determining orbiter and carrier 
total aerodynamic coefficients Is stated In Section 2.0. The as- 
sumptions, the geometry, and the derivation of the equations are 
presented In Section 3.0. Numerical results of the derived equa- 
tions are evaluated In Section 4.0. The conclusions and recommen- 
dations are sionmarlzed In Section 5.0. Supporting reference 
sources are listed In Section 6.0. 




2.0 INTRODUCTION 


A method of determining orbiter and carrier total aerodynamic 
coefficients from load cell measurements Is required to support 
the Inert and the captive active flights of the ALT program. 

During the Inert and captive active flights, the mated vehicle 
will perform the pre-separation maneuver and attain equilibrium 
glide at the target separation conditions. In addition, during 
the captive active flights, the orbiter pilot will move the ele- 
vens to several positions about the trim position. During these 
procedures, load cell readings In the front and aft attach struts 
will be recorded. This load cell data In combination with other 
data recorded on the flight recorders (I.e. sensed acceleration 
of the carrier, body angular rates and accelerations of the car- 
rier, thrust of the carrier engines, angle of attack of the car- 
rier .and dynamic pressure) will be used to Compute the total aero- 
dynamic coefficients of the orbiter and the carrier. These confuted 
values will then be compared to the wind tunnel predicted values. 

If there are significant differences betv/een the two sets of values 
the target separation conditions will be adjusted accordingly. 

The objective of this MDTSCO "Determination of Orbiter and Carrier 
Aerodynamic Coefficients from Load Cell Measurements" is to present 
a straight forward derivation of the equations necessary to deter- 
mine the orbiter and carrier total ae'-odyr a- ic coefficients from 
data recorded during the ALT flirhts. 
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3.0 DISCUSSION 

This section presents the essumptlons* the geometry, and the deri- 
vation of the equations necessary to determine the orbiter and 
carrier total aerodynamic coefficients. Maximum utilization of 
previous analyses Is made and source data Is referenced accord- 
ingly In the subsequent text. 

The derivation of the equations of the orbiter and carrier total 
aerodynamic coefficients 1$ performed In five steps. The first 
step Is to write the total external forces and moments acting on 
the mated vehicle at Its eg In terms of the total external forces 
and moments acting on the orbiter and carrier at their respective 
cg's and also In terms of parameters recorded during the ALT flight. 
In the s.'icond step, the total external forces and moments acting on 
the carrier at Its eg are written In terms of parameters recorded 
(hiring the ALT flight. The third step Is to solve the equations 
from steps 1 and 2 simultaneously to obtain equations expressing 
the total external forces and moments acting on the orbiter at 
eg. In the fourth step, the forces and moments (hie to engine thrust 
are subtracted from the forces and nxxnents fnxn steps 2 and 3 to 
obtain the total aerodynamic foixes and moments acting on the or- 
biter and carrier at their respective cg's. In step 5, the forces 
and moments from step 4 are used to determine the aerodynamic axial, 
side, and normal force coefficients and the rolling, pitching, and 
yawing moment coefficients of both the orbiter and carrier at their 
respective cg's. Also, the aerodynamic forces of the orbiter and 
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carrier from step 4 are transformed to their respective stability 
axes and transferred to their respective MRC's to determine the 
aerodynamic drag and lift coefficients and the rolling, pitching, 
and yawing moment coefficients of both the orbiter and carrier at 
their respective MRC's. 


3.1 Assumptions 

There are two categories of assumptions used in this report. The 
first category is assumptions pertaining to the form of the re- 
corded data while the assumptions of the second category serve to 
simplify the problem. 


It is assumed that the following parameters v;ill be expressed 
(where applicable) in the vehicle referenced coordinate system 
(VRCS) of the carrier and will be given in the units indicated. 

1) The force vectors in the front, left aft, and right aft 
attach struts, Fp, and respectively in lb. 

2 ) The force vector due to carrier engine thrust, F^ in lb. 

3) The sensed acceleration vector of the carrier, a in ft/sec* 

TAR 

4) The angular rate vector of the carrier, Z in rad/sec. 

T 2 

5) The angular acceleration vector of the carrier, u in rad/sec . 

6) The dynamic pressure sensed on the carrier, q in Ib/ft^. 

7) The angle of attack of the carrier in rad. 


To simplify the problem, the following assumptions are made. 

1) The mated vehicle is considered to be two rigid bodies (the 
orbiter and the carrier) constrained to move as one rigid body. 
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2) The dynamic pressure of the orbiter Is equal to that of the 
carrier. This assunptlon Is necessary since during the time 
that ^e orbiter* s air data probe Is In proximity to the carrier, 
It will make Incorrect measurements. 


3.2 Geometry of the Orbi ter/Carrier 

The orbiter Is oriented In the vehicle's plane of symmetry with 
respect to the carrier at an angle of Incidence. The Incidence 
angle and location and orientation of the VRCf of both vehicles 
are Illustrated In Figure 1. The transformation of the orbiter 
VRCS to the carrier VRCS may bo expressed as 


‘C0SA6 

0.0 

sinAe' 

0.0 

1.0 

0.0 

-s1nA0 

0.0 

COSA6 


[3.2.1] 


Figure 2 Illustrates the relative positions of the attach points, 
the orbiter eg, the carrier eg, and the mated eg. 


The mass properties of the mated vehicle, in terms of the mass 
properties of the orbiter and carrier and the geometry, may be 
written as 


'MAT 


*’’CAR * ^’’ORB 


CW3 * [Iraol + [Bn] [Inon^ CBaif +_!IcaArB [rVrr"^] 


‘HAT^ 


'CARJ 


‘ORB- 


'MAT 


[3.2.2] 

[3.2.3] 


From the VRCS positions of the attach points and the thrust appli 
cation point (Reference 1) the relative position vectors shown in 
Figure 2 may be written aS 
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[3.2.4] 
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[3.2.5] 

[3.2.6] 

[3.2.7] 

[3.2.8] 

[3.2.9] 

[3.2.10] 

[3.2.11] 


3.3 Derivation of Equations 

The total external forces acting on the mated vehicle may be ex- 
pressed, in terms of the total external forces acting on the orbiter 
and the carrier, as 

^MAT * ^CAR “*■ *"0RB * [3.3.1] 

Similarily, the total external moments acting on the mated vehicle 
may be expressed as 


[3.3.2] 


By substituting equations [3.2.10] and[3.2.11] for and Ra* 
equation [3.3.2] may also be written as 


- ”0RB 


CAR 




Also* the total external forces and moments on the mated vehicle 
may be expressed. In terms of data recorded during the flight, as 

* ”mat “*< “»''■>} 

^ 

Sat ' ^ * ^^MAT^ “• 


By substituting equations [3.2.3] and [3.2.10] for [If/y^-j-] and 
Ri, equations [3.3.4] and [3.3.5] may be written as 

^MAT “ ^lAT * ^’ORB “ ^ ^ Srb{“ ^ 

-► -► -► 

Sat ' ^^CAR^ w + 0) X [ij.^j^] w + 

[E 21 ] [^ORB^ [Bai]^ (0 + u X [B 21 ] [Iqrb^ [^ 21 ]^ a + 


. -Tj-. yORB 
■WT 'mt 


-p -p -p -p 

(») X [R R - RR ] w 


[3.3.3] 

[3.3.4] 

[3.3.5] 

[3.3.6] 

[3.3.7] 


Reference 2 shows that the forces and moments imparted to the car- 
rier by the arbiter thru the attach structures may be expressed in 
the following two ways. 


[3.3.8] 


“ ”CAR ®Sj.^ ■ ’'car 


% ’ - ‘^F * ^LA * fRA) 

[3.3.9] 

®c • C'CAR^ “ * “ * t'cAR^ “ ■ ®CAR 

[3.3.10] 

®e ■ ■*'*F * ^F * 'S.A * ^LA * ®RA * ''ra' 

[3.3.11] 


From equations [3.3.8] thru [3.3.11], the total external forces 
and moments acting on the carrier at its eg may be solved for in 
terms of the recorded data, mass properties, and geometry. 


’'car 


^CAR 





[3.3.12] 


-► -► ^ ^ ^ ^ ^ ^ 

’’CAR “ ^^CAR^ w + 0) X [Ij.^p] u + Rp X Fp + Rj_^ X ^ •'rA 

[3.3.13] 

By solving equations [3.3.1], [3.3.3], [3.3.6], [3.3.7], [3.3.12], 
and [3.3.13] simultaneously, the total external forces and moments 
acting on the orbiter at its eg may be written in terms of the re- 
corded data, the mass properties, and the relative geometry of the 
orbiter/carrier. 

’^ORB ' + u)x(a)xR)]-{Fp + F^^ + Fj^^)| [3.3.14] 
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[3.3.15] 


®ORB * “ * [Bail “ * [lQpg][B2i] u + 

[B 21 ] |(R"Bp) X Fp + (B“Bla) X * ^RA 

To obtain the total aerodynamic forces and moments, the forces and moments 
due to the engine thrust must be subtracted from the total external 
forces and moments. Therefore the aerodynamic forces and moments 
acting on the orblter and carrier at their respective cgs may be 
written as 

-► -► 

''orb 

•+• -> -*■ 

\ar 

^''CAR * - «T ^ * 


[3.3.16] 

[3.3.17] 

[3. 3. IS] 
[3.3.19] 


From the forces and moments given by equations [3.3.16] and [3.3.17], 

the orblter aerodynamic coefficients C. , Cy , C,, , C. , 

^ORB ’orb "orb ^cgQ.g 

, and may be written as ^ 

^^ORB ^^ORB 



[3.3.20] 
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[3.3.21] 


\rb ■ \J 
\rb 


[3.3.23] 

[3.3.24] 

Vo * V / ^ * ‘ ^ORB* [3.3.25] 

*^SoRB ^ORB 



By transforming the forces given by equation [3.3.16] to the sta- 
bility axis system of the orbiter and transferring them to the 

orbiter's MRC, the aerodynamic coefficients C-, , C, , C. , 

^ORB '■ORB ''•ORB 

C , and may be written as 

"lORB "orb 


Vrr ^ ^Z. ’ 1^3. 3. 26] 

^ORB ^ORB / 


VrB -SINCacAR+Ae) . F -SIN(ac;^,+Ae)]/q-Ao,, 

^ORB ''orb ' 


, [3.3.27] 
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"CGu ^*^7 "(C67 *€62 )*^Y ^;^*^0RB 

\rb ‘^'^ORB '^)RB ^«E>^0RB orb ORB. 


[3.3.28] 


^Oy. Aorb'^^oGj 


-CG 7 )*Fy -(CGy -CGy )-F, 

^nno A* • A 


SrB ■ ‘REFom ‘ORB ‘Aoi^ 'REF„^ ‘REFo^b ‘A„bb 


^•^)RB, 


[3.3.29] 


C ■ [Gy .^orr'^^O^v "(C®Y "CGy )*^Y /‘^’"nRR' 

"ORB hj ORB Xq,b Y^^^^ Y^^B ORB 


A'^ORB’ 


[3.3.29] 


Similarily from equations [3.3.18]and [3.3.19], the carrier aero- 
dynamic coefficients C. , Cy , C„ , Cp , C, , C. , 

^CAR ^CAR “^CAR ^CAR ‘’CAR 


, C„ , C. , C , and C„ may be written as 


■^OcAR "'Scar "’«« 


'CAR 


Oa ' ■ ''x 


CAR 


/ R ■ ^CAR’ 


[3.3.31] 


Of " ^Y / R * ^CAR* 
»CAR “ 


[3.3.32] 


'^Ncar “ ■''za / ■ ^AR ’ 

CAR 


[3.3.33] 
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Cp ■ * ^2. ‘ ^^^CArV ^ * ^CAR* 

CAR «CAR ^:AR ' 


[3.3.34] 




CAR 


-C-Fx • SINaj.^f^ + “ COSoj^p] / q • A^.^^ 

^CAR ^CAR * 


[3.3.35] 


\a ‘ \ / ^ * ^CAR * ^CAR’ 

*^3cAR ^CAR 


[3.3.36] 


®9car \ar 


/■' 


C. - Gy^ / q • Aj.^p • 


[3.3.37] 


^"rn " \ ^CAR * ^CAR* 


‘^^CAR \aR 


[3.3.38] 


Co “ CC„ /b +(CG„ -CGy )*F, -(CGy -CG^ )-F„ ]/l*ArflR, 
CAR \aR car 'REFjy^R 'car ^A^^^ ^REF^.;^^ ^CAR CAR 


[3.3.40] 


SaR ’ /^CAR^^CG^ -CG^ )*Fx -(C^x “‘^%aR^*''^ ]A’\aR, and 

CAR A^^^ CAR Aj.^j^ REFj.^^ CAR Aj.^^ 


[3.3.41] 


'"CAr‘^% ^CAR^^CGx -CS )-Fy -(CGy '\^y\ ]A’'cAR* 
CAR '^^'^CAR ^AR A^^^ ’^^^CAR car Aj.^p/ 


[3.3.41] 
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4.0 RESULTS 

To evaluate manerlcal results of the derived equations [3.3.20] 
thru [3.3.41]. the Space Vehicle Dynamics Simulation (SVDS) Program 
Is used to generate the parameters required that will be recorded 
during an ALT flight. The mass properties used In this example are 
for flight number 1 with the tailcone on as defined In Reference 3, 
the Incidence angle Is set at 6.5 deg, and the time point Is at the 
Instant separation v/ould occur. Tabulated In Table 1 are the pa- 
rameters required, their SVDS mnemonic names, their values, and 
their units as output by the SVDS. The results of the derived 
equations ([3.3.20] thru [3.3.41]) for the orblter and carrier 
aerodynamic coefficients are tabulated In Tables 2 and 3 respec- 
tively. For the ease of comparison, the actual values of the coef- 
ficients computed by the SVDS and the percent error in the hand com- 
puted coefficients are also tabulated In Tables 2 and 3. In this 
analysis, all computations were carried out to 8 significant digits. 

Table 2 shows that the range of error in the hand computed values 
of the orbiter coefficients compared to the values output by the 
SVDS is 0.087S to 0.0936%. This Is much smaller than the 5% 
accuracy of the dynamic pressure (see Reference 1). 
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Table 3 shows no difference In the carrier coefficients out to 5 
significant digits. The largest error encountered Is less than 
0.00032X and the smallest Is Ot. These errors are accounted for 
by the truncation Inherent In digit computers. 
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5.0 


CONCLUSIONS AND RECOMMEMOATIONS 


From the above plus the results discussed In Section 4.0, It Is 
concluded that the equations derived In Section 3.0 will yield 
acceptable results within the operating region of the ALT flights. 
It Is therefore recomtt«nded that equations [3.3.20] thru [3.3.41] 
be used In the determination of the orbiter and carrier aerodynamic 
coefficients from load cell measurements. 
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FIGURE 1 GEOMETRY OF THE ORB ITER/CARR lER 


ORBITER VRCS 


Origin at: 
FSoRB 0.0 



CARRIER VRCS 
Origin at: 
FScaR 0.0 
BLcar 0.0 
WLcaR 200.0 


mtcowtMtUM 




TABLE 1 DATA REQUIRED FOR ANALYSIS 


PARAMETER 


FFVO) 

FFV(2) 

FFV(3) 


FAR(l) 


SAC47X 

SAC47Y 

SAC47Z 


OMEGXD 

OMEGYD 

OMEGZD 


VALUE 

UNITS 

1.5504 X 10* 
-1.6446 X 10‘" 
2.6494 X 10" 

LB 

1.3177 X 10* 
0.0 

2.6758 X 10" 

LB 

1.2637 X 10* 
-1.8641 
2.6363 X 10" 

LB 

-4.3488 

-1.3629 X 10"* 
-3.1595 X 10‘ 

ft/sec* 

7.3742 X 10”* 
-1.5785 X 10”* 
2.3054 X 10”* 

deg/sec 

-2.0051 X 10”" 
5.6490 X 10”* 
8.9711 X 10”* 

deg/sec* 

9.8046 X 10* 
0.0 

-4.2834 X 10* 

Lb 

2.3482 X 10* 

LB/ft* 


ALPHA 


2.6111 


deg 



































LE 
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ro 
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COEFFICIENT 

SVDS 

MNEMONIC 

”0RB 


Cy 

''orb 

CY 

"orb 


^D 

^ORB 

CO 

%RB 

CL 

^^ORB 

CLL 

‘^^ORB 

CM 

‘^^ORB 

CLN 

**ORB 


C„ 

"’orb 


C„ 

"orb 

. 




2 RESULTS OF DERIVED EQUATIONS 
(ORBITER) 


HAND 

COMPUTED 

OUTPUT BY 
SVDS 

PERCENT 

ERROR 

-2.2565 X 10"* 

-2.2586 X 10"* 

0.0932 

-9.8334 X 10"® 

-9.8424 X 10"* 

0.0907 

3.6130 X 10"‘ 

3.6164 X 10"^ 

0.0935 

5.4983 X 10"* 

5.5034 X 10"* 

0.0930 

3.5710 X 10"» 

3.5743 X 10”* 

0.0936 

1.1839 X 10““ 

1.1850 X 10”“ 

0.0926 

1.4610 X 10"* 

1.4624 X 10”* 

0.0936 

1.1642 X 10-® 

1.1652 X 10-® 

0.0870 

1.2156 X 10”* 

1.2167 X 10"* 

0.0935 

-1.5346 

-1.5360 

0.0935 

4.9799 X lO"" 

4.9844 X 10-“ 

0.0910 















































TABLE 


COEFFICIENT 

SVDS 

MNEMOHIC 

^A 

\ar 


Cy 

XAR 

CY 

TAR 


'“car 

CD 

^•-CAR 

CL 


CLL 

"’^^CAR 

CM 

C^ 

CLN 

TAR 


^•^CAR 


^nCAR 



3 RESULTS OF DERIVED EQUATIONS 
(CARRIER) 


HAND 

COMPUTED 

OUTPUT BY 
SVDS 

4.0403 X 10"* 

4.0403 X 10-* 

-1.1430 X lO”** 

-1.1430 X 10-6 

1.9965 X 10~‘ 

1.9965 X 10-‘ 

-4.9456 X 10-2 

4.9456 X 10-2 

1.9760 X l0-‘ 

1.9760 X 10-^ 

-1.2846 X 10-® 

-1.2846 X 10-® 

-1.3553 X 10"2 

-1.3553 X 10-2 

2.0738 X 10-6 

2.0738 X 10-6 

2.9100 X 10-6 

2.9100 X 10-6 

7.3718 X 10-2 

7.3718 X 10-2 


PERCENT 

ERROR 


.00032 


1.0270 X 10 


1.0270 X 10 











































